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The pulsed photothermal phenomenon due to optically absorbed energy, result from non-radiative
decay mechanisms, which in nature, these imply the temporal change in the local free energy and
thus a temporary change in the local temperature. At the nanoscale, this is a prediction broadly
described in terms of macroscopic variables. Here we introduce a formalism based on the Jarzynski’s
physical statistics description, for interpreting the equilibrium free energy difference between two
configurations of a metallic nanoparticle. In this way, within a finite-time span, we describe the
temporal increase of the local free energy and thus of the local temperature arising from tempo-
rarily bringing the sample far from thermal equilibrium. The result is an expression for which one
can get the photothermally induced change of temperature for a metallic nanoparticle. For practical
purposes, we limited the study to Au nanoparticles. The study is made as function of the particle
size and the optical properties for wavelengths spanning the optical range. The assessment indicates
that, for nanoparticles with radii shorter than 40 nm, the temperature change is strongly dependent
on particle size and on the illumination wavelength. While, for near 40 nm particle radii, the current
description and the known formalism, based on macroscopic variables, predict the very same tempe-
rature change. At the closing we discuss additional possible thermodynamic consequences associated
to the scale considerations.
PACS numbers: 78.20.nb, 42.50.Md ,78.67.-n
I. INTRODUCTION
Equilibrium situations, which are fundamental in ther-
modynamics as they allow basic quantities such as tem-
perature, entropy, etc. to be defined. However, they ge-
nerally correspond to idealised situations. For example,
even systems as stable as the atmospheres of the sun
and stars cannot be described using the full apparatus
of equilibrium thermodynamics. They require the intro-
duction of local thermodynamic equilibrium (LTE) which
allows energy to escape from the medium by radiation.
As a consequence of this relaxation of full equilibrium
conditions, different temperatures exist for ions and for
electrons, under the assumption of two separate Maxwe-
llian velocity distributions. Similarly, in studying mole-
cular spectra it is a familiar and useful step to introduce
different temperatures coexisting within the system for
different kinds of transition (electronic, vibrational, rota-
tional, etc.) Nonetheless, the overall architecture of equi-
librium thermodynamics serves as the conceptual guide,
the key aspect being to identify changes needed in the
theory to account for departures from full equilibrium.
The advent of pulsed lasers and the interest in the in-
teractions they produce in dense media emphasize the
need to extend the study of departures from equili-
brium. Here again, a fruitful first approach is to start
from the equilibrium equations and explore modifica-
tions which can help represent ’real’ situations with the
help of comparisons with experimental data. The aim is
to extract information concerning temperature changes
and, possibly, other thermodynamic variables by iden-
tifying which equilibrium conditions can be relaxed in
order to describe, for example, the interaction between
a non-destructive laser pulse and a thermoelastic solid.
Assumptions must be made concerning the preservation
of the nature of the target (for example : no phase change
is induced by the laser pulse).
Within this context is that we discuss the photother-
mal (PT) effect, which in turn correspond to the local
change of temperature that is induced by local absor-
ption of electromagnetic radiation, within a nanoscale so-
lid sample. When the related solid is a metal at the scale
of nanoparticles,n the PT effect occurs with rather high
efficiency. Currently, reports indicate that such efficiency
is function of the particle geometry, absorption cross sec-
tion, volume, surface area and density. These conditions
combine the strong confinement of Mie resonant and non-
resonant absorbed electromagnetic field, which then gra-
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2dually decays through ohmic losses, the type of collisional
processes fueling non-radiative decays; i.e. Joule heating
[1–5].
On these scales, it is considered that the PT effect in
the nanoparticle produce an temperature increase (∆T )
that depends upon the absorbed optical power density
(Wα) and on the particle’s thermal conductivity (κ); hen-
ce, it is controlled by the laser intensity and the pulse-
width, τ , respectively. As result, the temperature rise is
expressed as ∆T = Wα/[4piκro]. With the help of this
expression several authors provide a close quantification
of the PT related change of temperature [5–7], and thus
to better understand its importance and physical impli-
cations [4, 8–11].
However, when the source of illumination are short la-
ser pulses (∼ ns), interacting with metallic nanoparticles
in the Mie regime (r0 ≤ 50nm), the macroscopic tempe-
rature description is at the borderline of the thermody-
namic limit [2, 12, 13]. Therefore since ∆T , is described
in terms of macroscopic parameters, thus it is suggestive
that it requires to be re-casted to obtain an expression
in which the micro- or rather nanoscale, can be better
described. The task we cover here, is to introduce a for-
malism to get an expression for the temperature change
out of the PT phenomena in a metallic nanoparticle (r0 ≤
50nm), illuminated by ∼ 7 ns laser pulses. From such re-
sult, as we describe, several other consequences arise. The
clear interpretation of this parameter is a current subject
of intense research; specially after the fast-growing fields
of so-called thermoplasmonics, and plasmonic photother-
mal therapy (PPTT)applications [1, 3, 14], among many
other areas of interest.
As starting point, we recall that, like in macro-scale,
at nanoscale, the thermal equilibrium condition posses a
central role in the interaction of radiation with matter.
In this regard, its consideration addresses the longstan-
ding question: for how small a system is it reasonable to
introduce the concept of temperature in the classical sen-
se? In other words, how can the classical temperature be
properly defined for a system verging on the microsco-
pic? In part these questions are broadly reviewed in [2],
while they were the subject of discussion in [12] and [15].
In [12], the authors managed to describe how a system
obeying statistical mechanics leads to proper macrosco-
pic thermodynamics (scale-up). In the later, the authors
use the framework of statistical mechanics to introduce
a description of temperature on the nanoscale, including
a criterion to identify its range of validity.
In the photothermal phenomenon (PTP) in nanopar-
ticles (NP’s), induced by short laser pulses ( 10 ns time
scale), it is implicit that, during the interaction process,
locally the sample is driven away from equilibrium for
a finite-time span. As described in [16–18], this can be
interpreted as an induced free-energy difference between
the initial and the final equilibrium. However, this time
limited to the PTP, where the free-energy change is due
to the portion of pulsed optical energy that is absorbed
within the sample’s volume and then converted into heat
via non-radiative processes, limited to the interaction vo-
lume and without prompting chemical reactions. Because
the pulsed excitation, the change in the local free energy
is temporary in nature [19]; which in itself represent the
temporary increase of the local internal energy density
(ρe(t)). Let this difference of free energy be represen-
ted in terms of the time dependent partition function
Z(t), such that its temporal change shall equate with the
temporal change of the energy density [16–18]. This in-
terplay was discussed in [13, 20], where the relationship
between the optical thickness and the thermal thickness,
was explicitly displayed and justified. In there, it was
made apparent that the coupling of optical energy with
the thermal energy depends from two physical properties
alone: the optical absorption and the thermal conduc-
tivity (the transport process). However the description,
placed for macro-scale, made use of a time independent
partition function, and served to proof how to obtain the
optical properties of thin films out on non-radiative mea-
surements. Since then, it was suggested that as the sam-
ple’s scale shortens, the time dependent case would apply,
and explicitly it was identified that a Z(t) type function
would be required. Related to the PTP description, it
also, in [13, 20] made apparent how is that the time evo-
lution of ρe(t) shall equate with the product between the
thermal conductivity(κ), the optical absorption(α) and
the temperature change (Tl = T0 + δT ), all rated by the
depth of the interaction, z1. Therefore, departing from
the description in [? ], this time using the time depen-
dent partition function Z(t), we consider to analyze the
interaction of a metallic particle with radius at nanome-
ter scale, say r0 ≤ 50 nm and 7 ns laser pulses. Thus
the known analytical description must be modified to be
expressed as
dρe
dt
=
d
dt
[−kBT log(Z(t))] = καTl
z1
. (1)
Let us consider an equilibrium initial state at tempe-
rature T0, with F0 the sample’s free-energy in absence of
the external field, and thus Z0 as the initial state. Eq.
(1) implies that each pulse of external field shall perform
an amount of work equal to the change of free-energy
∆F , bringing the sample to a temperature Tl, implying
the change of temperature δT = Tl − T0. If we consider
the dimensions of the nanoparticle, then it is required to
scale the problem so as to identify the limit within which
the existence of a local temperature is being assumed.
Specially on the view that as the size of the nanoparti-
cle decreases, the thermal conductivity and the partition
function cannot be calculated as in a continuous medium;
see [21] for the related details. From the scope of the fi-
nite time of interaction, one can infer that the change
exhibited by the partition function is limited by the time
span of interaction of the radiation with the nanopar-
ticle. As the volume and the number of constituents in
the nanoparticles remain constant with its energy as a
random variable, then it is appropriate for this system
3to be described by a time dependent canonical partition
function. It turns out that the problem can be treated by
means of the so-called Jarzinski equation, which provi-
des a way to relate energy distribution between the work
and heat produced within a time interval, to the change
in free energy, ∆F . Its analytic content,
e−βW = e−β∆F =
Z(t)
Z(0)
, (2)
describes the time-dependent states distribution, with
respect to an initial Z(0), in terms of an ensemble avera-
ge independent of: (a) the trajectories for the increase of
free energy and (b) time. Thus, it is enough to know two
equilibrium states (initial and final), to obtain the non-
equilibrium value at any time. However quasi-equilibrium
conditions and sufficiently weak coupling between the
system and the reservoir conditions must apply.
According to the Wiedemann-Franz law [22], the ther-
mal conductivity of a metal is proportional to the tem-
perature and to its electrical conductivity. However as
a redefinition of the partition function is required when
the nanoparticle size is reduced, the thermal conducti-
vity needs to be recast in terms of the internal energy
and the number of the confined atoms, determined sta-
tistically by a Boltzmann distribution. Thus, the thermal
conduction implies diffusivity, due to occur within the ti-
me span τext < t < τδ; here τext = 1/δ is the extinction
time and τδ = 2pin/δ, with δ the energy bandwidth
within which the nanoparticle excitation occurs [21] and
n the number of atoms forming the nanoparticle. For the
sample constituents, onside of the time constraints and
for a system close to equilibrium, we can assume that
the probability distribution of the components is appro-
ximately canonical, and that the energy diffusivity can be
linearly approached by Fourier’s law. This broad scena-
rio has been discussed in [21], resulting in an appropriate
expression for the thermal conductivity,
κ =
2piλ2n
δ
(
∆E
T
)2
ne−
∆E
T(
1 + ne
∆E
T
)2 ; (3)
then, it turns out that κ is function of the particle size
through the value of n.
In order to describe the change in local energy distri-
bution as function of the optical absorption of the na-
noparticle, it is necessary to implement Mie’s theory to
obtain the absorption cross section, that calculates the
total amount of radiation absorbed by the nanoparticle.
Also, as the energy distribution is proportional to time
and irradiance, we assume that the excitation (the in-
crease of temperature) occurs only while the radiation
pulse is interacting with the nanoparticle.
These considerations are already contained in equation
(1). Thus, from time integration within the pulse time-
width (t0), and substituting (2) and (3) into (1) after
defining
γ = ∆Fκα/kBz1β, (4)
we get a statistically based expression for the tempe-
rature increase of a given nanoparticle type,
δT = T0
log(Z0)
log(Z0)−∆Fβt {[log(Z0 −∆Fβt0)]
γ − 1} .
(5)
This equation is simplified by Taylor expansion, to get
≈ T0
{
log(Z0)
log(Z0)−∆Fβt
[
1− κα
kBz1
t0
log(Z0)
]
− 1
}
. (6)
This solution relates the change of temperature expe-
rienced by the nanoparticle to: its capacity to absorb op-
tical energy, the way the heat is conduced through the
medium and the way the energy is distributed within the
system (the partition function). It also depends on the
time of interaction between the external field and the na-
noparticle and varies inversely to the size of the spherical
particle. In other words, from the statistical estimates, it
is apparent that the temperature increase is a function
of particle size.
In order to exhibit the temperature change that a na-
noparticle experiences while illuminated by a laser, we
studied equation 5 varying the main parameters: the wa-
velength of the incident field and the radius of a gold
nanoparticle. Here we report the analysis for nanoparti-
cles with radius between 2 and 90 nm, illuminated with
wavelengths between 300 and 1200 nm. The maximum
intensity was obtained using I0 = 2Ph/piω20,h [23] whe-
re Ph = 22500J is the laser power and ω20,h=0.330µm
the beam waist. The initial temperature is assumed to
be 20◦C. The absorption cross section was calculated via
Mie’s theory, Wabs = σabsI0, and the refractive index for
the surrounding medium was taken from the literature
and the gold refractive index is calculated by applying
the equation Qsize = Qbulk [1− exp (R/R0)] which intro-
duces a correction due to the size of the system [24–26].
The number of particles that compose the nanoparticle
is obtained by n = 30,89602D3, with n the number of
atoms and D the particle diameter [27].
As proof of consistency of the analytic results, we pro-
duce numerical calculation sto compare the temperature
change δT calculated using (6), with that ∆T calculated
as reported in the literature [1, 5, 7]. The optical absor-
ption was fitted by numerical calculations from [26], and
compared with the experimental curves in [24]. Notice
that, in either case, the temperature difference exhibited
in metallic nanoparticles is proportional to the amount of
absorbed energy (or rather the absorption cross section
σabs), and varies inversely as the size of the nanoparti-
cle. In (5), the particle size is implicit from the statistical
distribution, by means of (1) and (3).
The comparison is displayed in Fig. (1), as a color map
of the normalized temperature distribution for gold as
4Figura 1. Normalized temperature distribution map, as fun-
ction of: the particle radii ranging from 2 to 90 nm, and for
illumination wavelength from 300 to 1200 nm. (a) is δT esti-
mated from 6); (b) is for ∆T , as in [1, 5, 7]
function of the nanoparticle radii, and wavelengths from
300 to 1200 nm. Phenomenologically the mismatch is ap-
parent between the current calculation using 6, and that
using ∆T as in [1, 5, 7]. Noticeably, and regardless of the
nanoparticle radii, the PT effect with larger temperatu-
re changes,’hot modes’, occur for excitation wavelengths
shorter than 500 nm. The normalized temperature scale
is introduced to better compare the thermal distribution
resulting from the numerical calculations out of the sta-
tistical and macroscopic variable theoretical descriptions,
respectively.
Next we ploted the temperature distribution, calcula-
ted from the current statistical analysis and ∆T as in
the literature, as function of the illumination wavelength
between 300 and 1200 nm,for nanoparticles of radii 10,
35, 42 and 50 nm. The result is displayed in the Fig. (2),
showing curves whose the trajectories exhibit phenome-
nological closeness. In particular, for nanoparticles of 42
nm radius, both descriptions predict the very same res-
ponse. However, for particles smalle that these 42 nm,
and at wavelengths bellow the 500 nm, both descriptions
display ’hot’ modes with peaks at the same wavelengths;
nonetheless, the current statistical analysis predict hig-
her temperature change than that using macroscopic va-
riables. Conversely, for NP’s with radii larger than 42
nm, the statistical analysis predict lower values than the-
se using macroscopic variables. Noticeably, the models
disagreement, in terms of particle size and induced PT
magnitude, seems to follow a match with the Mie limit,
Figura 2. Temperature rise as function of the wavelength for
the nanoparticle radius:(a) 10 nm, (b) 35 nm, (c) 42 nm and
(d) 50 nm. The red line describes the current model estimate,
and the blue line is for the estimate using ∆T , as in [5, 7, 23].
along with a strong dependency with the frequency bath
in which the system is placed [2, 3].
Specifically, from Fig. 2a, it is shown that for a na-
noparticle of 10 nm radius the temperature distribution
calculated in statistical fashion, predict a temperature
change near twice the one estimated by the literature
description. However, when particle diameter is increa-
sed, the predicted changes of temperature converge until
the radius equals 42 nm (see Fig. 2c); at that stage the
increase in temperature predicted by both models is the
same. Besides, while the size is increased (above 42 nm)
our model shows a smaller change in temperature in com-
5parison with the existing model as shown in Fig. 2d. We
consider that, given the characteristics we considered, our
model is not adequate to predict temperature where the
system reaches the limit of 42 nm, where the discretiza-
tion of energy levels no longer affects the photothermal
effect, and as noted before, it has a close match with the
Mie limit.
We also analysed the temperature distribution as fun-
ction of the radius of the nanoparticle, when illuminated
at the fundamental, second and third harmonic wave-
lengths of a Nd:YAG laser (1064, 532 and 355 nm, res-
pectively). The results, displayed in Fig. (3), show us that
for both models the increment in temperature do not ex-
hibit close trajectories as displayed in Fig 2. Neither the
maximum and minimum values are located at the sa-
me wavelengths, as displayed en terms of wavelength for
given particle size. The curves unveil that temperature
coincidences occur around 42 nm, as noted before. At this
value the plots cross over, predicting a higher temperatu-
re for smaller nanoparticles when the statistical analysis
is applied and, a lower one if the nanoparticles are larger.
The shift in the maximum of temperature, predicted by
both models, can be related to the fact that the statisti-
cal model consider an extra feature that depends directly
on the dimensions of the nanoparticle; i.e. the partition
function. Of course, such consideration is out of scope in
the model based on macroscopic properties. Anyway, it
is significant that for larger wavelengths both approaches
show consistent tendency for temperature increase with
the particle size, whilst for short wavelengths the current
model predict higher magnitude that the macroscopic va-
riable estimate.
In Fig. 4 we display the rate of change in temperature
in the nanoparticle with respect to optical absorbance in
order to show how is the rate of temperature increase as
a function of the capacity to absorb radiant energy, for
different nanoparticle sizes.
The model predicts the rate of temperature change
to be proportional to the optical absorption, α. Inter-
estingly, as the nanoparticle size reduces, the slope for
the change of temperature with optical absorption, is in-
creased. Instead, as the particle size increases, the slope
tends to a stable vale.
II. DISCUSSION
From both models we obtain a maximum heating when
a nanoparticle of 10 nm radius is illuminated with around
347 nm wavelength radiation. Nonetheless for nanoparti-
cles around 20 nm the temperatures reached when they
are irradiated by a wavelength among 300 to 400 nm are
enough to melt the substrate on which they are suppor-
ted [28, 29]. However, even though the temperature ma-
ximum is reached around those wavelengths and sizes,
all of the nanoparticles experience an increase in their
temperature depending on their diameter, but to a les-
ser degree. From Fig. (3), we can see that the range of
Figura 3. Temperature increase, as function of particle radii
and illuminated with (a) 1064 nm, (b) 532 nm and (c) 355
nm. In each case, the line staring at high values correspond
to δT calculated from (6). Line starting at low values is for the
estimate using ∆T from macroscopic description as reported
in [5, 23].
wavelength necessary to heat them up show a displace-
ment to longer wavelengths when the system is larger.
Furthermore, as the wavelength decreases, the number of
wavelengths at which the nanoparticles will experience a
rise in temperature (hot modes) increases, even though
their peak values tend to decreases with the increase in
wavelength.
We also observe that our model shows a deviation in
the peaks when the heating is evaluated as function of si-
ze, a behavior that is not present when the radius remain
constant. This is explained by the fact that, in both mo-
dels, the only property that depends on the wavelength is
the absorption cross section while the rest of the charac-
teristics evaluated depend on the size of the nanoparticle.
A final outcome related to the particle size, also ex-
tracted form Eq. (1), is that since at constant volume
dρe ≈ dQ, thus dS = dQT = CvT dT can apply. Hence Eq.
6Figura 4. Temperature change in terms of the optical absor-
ption as function of the excitation wavelength (α(λ)) for dif-
ferent nanoparticles radii (10, 36, 42 and 50 nm).
(1), the time derivative of the volume energy density can
be equated as
dρe
dt
=
καT
z1
= CV
dT
dt
, (7)
where CV is the volume constant heat capacity.
In doing so, one recovers the usual book definition,
dρe/dT = CV and thus (7) equates as
κα
zi
dt = CV
dT
T
. (8)
Therefore, since S = CV ln(Tl/To), after integrating
both sides of equation 8, we get,
κα
zi
tδ = CV ln
(
Tl
To
)
= S (9)
After defining υo ≡ zi/tδ, from the last equation we
get,
CV =
κα
υo ln
(
Tl
To
) = S
ln
(
Tl
To
) (10)
We close this analysis, by noticing: a) from (10), we
get that
υo =
κα
CV ln
(
Tl
To
) = κα
S
, (11)
and b) from arguments in kinetic theory of gases,
Peierls [22] arrived to the near expression:
υs =
κ
csγsL , (12)
where υs is the sound velocity, L is a mean free path, cs
is specific heat per unit volume (otherwise the heat capa-
city of a substance per unit mass), and γs is a numerical
factor. Although from this perspective, (11) and (12) keep
a remarkable physical and analytic resemblance, to pla-
ce an equivalence would require a separate analysis. By
now, this conclusion suggest the possibility of introdu-
cing a ‘size-scaled’ definition of C through its relation to
κ, and in therms of the actual available energy, weighted
by the particle size zl and α. As noted by other authors
[30], nano-sized particles exhibit heat capacity value that
is somehow different respect of the corresponding bulk va-
lue. Thus, one has to be cautious, however, that specific
heat is really a unique bulk property and yet at nanosca-
le, it seems like it require to be reinterpreted. Making it
size-dependent would also make it depend of the conver-
sion efficiency of absorbed light into heat; and implicitly,
also dependent from the frequency bath in which the sys-
tem is placed. As noted before, at short scale (≤ 20nm
particle radii) κ tend to be diverge from a constant va-
lue [21], and thus it may explain the slope for 10 nm in
Fig. 4. However κα, seems to balance in a scaled manner
as function of the particle size. Clearly extensive expe-
rimental verification of these findings are required, and
thus properly investigate the ακ/zl interplay.
At this point, we were able to obtain an analyti-
cal expression, involving microscopic statistical physics,
which describes the changes in temperature experienced
by a nanoparticle as function of the illumination wave-
length and particle size, prompting the strong exchange
of energy through the photothermal effect, for nanoparti-
cles with radius smaller than 42 nm. This, to the best of
our knowledge has not reported previously. We propose
to describe the effects induced through the discretiza-
tion of the attainable energy levels. In other words we
consider the fact that the nanoscale systems present a
modified thermodynamic behavior. In addition, we com-
pare our model with one based on macroscopic properties
as previously reported elsewhere in the literature, which
as a consistency check shows that, when the size of the
gold nanoparticles is smaller than the noted 42 nm th-
reshold, it predicts a greater increase in the temperature
with respect to that previously reported in the literature.
Mie resonances [2–4] are an intrinsic plasmon property of
metallic nanoparticles and therefore the conclusions re-
ported here for the specific case of gold, describe a general
form of behavior to be expected (with different characte-
ristics frequencies) for many other metallic nanoparticles.
ACKNOWLEDGMENTS
One of the authors MRM acknowledge the scholars-
hip grant from CONACyT. CGS acknowledge the fruit-
ful discussions, criticism and comments from Dr. Edahi
Gutierrez-Reyes.
7[1] Guillaume Baffou, Romain Quidant, and Christian Gi-
rard. Thermoplasmonics modeling: A green’s function
approach. Phys. Rev. B, 82:165424, 2010.
[2] J.-P. Connerade. From nuclear to meso systems: how
small is simple and how large is complex ? Eur. Phys. J.
D, 71:104, 2017.
[3] S. Link and M.A. El-Sayed. Shape and size dependence
of radiative, non-radiative and photothermal properties
of gold nanocrystals. Int. Rev. Phys. Chem., 19:409–453,
2000.
[4] T. Taubner R. Hillenbrand and F. Keilmann; A.V. Za-
yats. Phonon-enhanced light − matter interaction at the
nanometre scale. Nature, 418:159 –162, 2002.
[5] Ke Jiang, David A. Smith, and Anatoliy Pinchuk. Size-
dependent photothermal conversion efficiencies of plas-
monically heated gold nanoparticles. J. Phys. Chem. C,
117:27073 – 27080, 2013.
[6] H. H. Richardson, M. T. Carlson, P. J. Tandler, P. Her-
nandez, and A. O. Govorov. Experimental and theoreti-
cal studies of light-to-heat conversion and collective hea-
ting effects in metal nanoparticle solutions. Nano Lett.,
9:1139–1146, 2009.
[7] Markus Selmke, Marco Braun, and Frank Cichos. Pho-
tothermal single-particle microscopy: Detection of a na-
nolens. ACS Nano, 6(3):2741–2749, 2012.
[8] Pascal Anger, Palash Bharadwaj, and Lukas Novotny.
Enhancement and quenching of single-molecule fluores-
cence. Phys. Rev. Lett., 96:113002, 2006.
[9] Daniel Rings, Romy Schachoff, Markus Selmke, Frank
Cichos, and Klaus Kroy. Hot brownian motion. Phys.
Rev. Lett., 105:090604, 2010.
[10] Marco Braun, Alois Wurger, and Frank Cichos. Trapping
of single nano-objects in dynamic temperature fields.
Phys. Chem., 16:15207–13, Agosto 2014.
[11] Boris Desiatov, Ilya Goykhman, and Uriel Levy. Di-
rect temperature mapping of nanoscale plasmonic devi-
ces. Nano Lett., 14:648 –52, 2014.
[12] Michael Hartmann, Günter Mahler, and Ortwin Hess.
Existence of temperature on the nanoscale. Phys. Rev.
Lett., 93:080402, Aug 2004.
[13] C. García-Segundo, M. Villagrán-Muniz, S. Muhl, and
J-P Connerade. Initial considerations on the rela-
tionship between the optical absortion and the thermal
conductivity in dielectrics. J. Phys. D: Appl. Phys.,
43(255403):7pp, 2010.
[14] X. Huang and M. A. El-Sayed. Plasmonic photo-thermal
therapy (pptt). Alexandria Journal of Medicine, 47:1–9,
2011.
[15] J. L. Lebowitz and Elliott H. Lieb. Existence of ther-
modynamics for real matter with coulomb forces. Phys.
Rev. Lett., 22:631–634, 1969.
[16] C. Jarzynski. Nonequilibrium equality for free energy
differences. Phys. Rev. Lett., 78:2690–2693, 1997.
[17] C. Jarzynski. Hamiltonian derivation of a detailed fluc-
tuation theorem. J. Stat. Phys., 98(1):77–101, 2000.
[18] C. Jarzynski. Equilibrium free-energy differences from
nonequilibrium measurements: A master-equation ap-
proach. Phys. Rev. E, 56:5018–5035, 1997.
[19] H. Fröhlich. Quantum theory of Solids: Chap. I Sec.3.
Clardeon Press, Oxford, 1958.
[20] C. García-Segundo, M. Villagrán-Muniz, and S. Muhl.
On the simultaneous analysis of optical and thermal
properties of thin films via pseudo-transmittance spec-
troscopy: aluminium nitride. J. Phys. D: Appl. Phys.,
42:055405, 2009.
[21] J. Gemmer, M. Michel, and G. Mahler. Quantum
Thermodynamics: Emergence of thermodynamics beha-
vior within composite quantum systems. Springer, 2009.
[22] R. E. Peierls. Quantum theory of Solids. Clardeon Press,
Oxford, 2001.
[23] M. Selmke, Braun M., and F. Cichos. Gaussian beam
photothermal single particle microscopy. J. Opt. Soc.
Am. A, 29(10):2237–2241, 2012.
[24] Prashant K. Jain, Kyeong Seok Lee, Ivan H. El-
Sayed, and Mostafa A. El-Sayed. J. Phys. Chem. B,
110(14):7238–7248, 2006.
[25] Craig F. Bohren and Donald R. Huffman. Absorption
and Scattering of Light by Small Particles. John Wiley
and Sons, 2009.
[26] Lucía B Scaffardi and Jorge O Tocho. Size dependence
of refractive index of gold nanoparticles. Nanotechnology,
17(5):1309, 2006.
[27] Yan Lu, Lixia Wang, Dejun Chen, and GongkeWang. De-
termination of the concentration and the average number
of gold aoms in a gold nanoparticle by osmotic pressure.
Langmuir, 28(25):9282–9287, 2012.
[28] K Grochowska, G. Śliwiński, A. Iwulska, M. Sawczak,
N. Nedyalkov, P. Atanasov, G. Obara, and M. Obara.
Engineering au nanoparticle arrays on sio2 glass by pul-
sed uv laser irradiation. Plasmonics, 8:105–113, 2013.
[29] S.J. Henley, M.J. Beliatis, V. Stolojan, and S.R.P. Sil-
va. Laser implantation of plasmonic nanostructures into
glass. Nanoscale, 5:1054–1059, 2013.
[30] V.N. Likhachev, G.A. Vinogradov, and M.I. Alymov.
Anomalous heat capacity of nanoparticles. Phys. Lett.
A, 357:236–239, 2006.
